Abstract-We present a novel optical flip-flop configuration that consists of two unidirectional ring lasers with separate cavities but sharing the same active element unidirectionally. We show that in such a configuration light in the lasing cavity can suppress lasing in the other cavity so that this system forms an optical bistable element. Essential for obtaining the bistability is the presence of an additional feedback circuit that is shared by both lasers. We show experimentally that the flip-flop can be optically set and reset, has a contrast ratio of 40 dB and allows low optical power operation. We also present a model based on roundtrip equations. Good agreement between theory and experiments is obtained.
I. INTRODUCTION
O PTICAL flip-flop memories form key components in alloptical packet switches [1] . In order to employ optical flip-flop memories in telecommunication systems, the optical memories should allow a high switching speed, have a sufficiently high contrast ratio, and operate at low power. Reference [2] presents several well-known principles of optical bistability that can be applied in optical flip-flop memories. Examples of optical flip-flop memories that might be useful for futuristic telecommunication systems are presented in [3] - [9] . An interesting optical flip-flop memory based on two coupled lasers was presented in [7] . Essential in this flip-flop concept is that each laser has its own active element. Both lasers are symmetrically coupled to each other, and it was shown that in this configuration, the lasing light of one of the lasers can be used to suppress lasing of the other laser, so that the system acts as a master-slave configuration. It was shown the memory can be all-optically set and reset by low power optical pulses and operates with high contrast ratio of 40 dB. This configuration also turned out to be a useful concept in telecommunications technology since this optical flip-flop concept was used in optical packet switches and buffers [10] . The notion that symmetrically coupling of two nonlinear optical elements could lead to bistability and, thus, flip-flop operation was further developed by showing that similar functionalities could be realized by symmetrically coupling of two Mach-Zehnder interferometers or nonlinear polarization switches [8] , [9] . In this paper, we present a novel flip-flop concept that has essentially a contrast ratio as high as in [7] , but it has one active element only. This flip-flop configuration consists of two unidirectional ring lasers with separate cavities but sharing the same active element unidirectionally. Each laser operates at a different wavelength. Essential for obtaining bistability in this system is that the lasing light output from the active element is partly fed back into the active element in the counterpropagating direction by an external cavity. We will show that such a configuration forms an optical bistable element and that switching between the states can be realized by injection of external light at the wavelength of the cavity that is not lasing. We will also show that we can obtain a contrast ratio of 40 dB between the states and that flip-flop operation can be realized by external light injection at low power.
We present a model that shows that the lasing light that is fed back via the extended cavity makes that if the roundtrip condition in one of the cavities can be satisfied. This explanation is supported by numerical simulation results that are in good agreement with experimental results.
The flip-flop configuration presented in this paper offers a number of advantages over alternative technologies. First of all, this flip-flop concept contains only one active element, which makes the configuration simple. Also, this concept can be monolithically integrated, which is persistent to successful utilization [11] , [12] . A very important advantage is that this concept can be extended to a multistable system so that larger amounts of optical data bits can be stored. Furthermore, the bistability takes place over a large wavelength range, the concept is not tight to a specific technology and allows simple control over the threshold levels, it provides a large contrast range, and the flip-flop function can be all-optically set and reset with low power optical pulses.
The paper is organized as follows. In Section II, we present a model that describes the bistability as well as the switching operation. In Section III, we present the experimental results, which are well in agreement with the modeling results. Finally, the paper is concluded in Section IV. Fig. 1 shows a schematic representation of the ring laser configuration with feedback. The roundtrip time equations for this system are derived in Appendix A. We have formulated the dynamics of this system in terms of roundtrip time equations instead of rate equations, since, in the experimental implementation of this system, the lasers are composed out of discrete commercially available fiber pigtailed elements and, hence, each laser has a very large ring cavity length ( 10 m). This means that the roundtrip times of the lasers are large compared to the carrier lifetime. The roundtrip equations for the fields are formulated at a reference point inside the semiconductor optical amplifier (SOA), as indicated in Fig. 1 . The SOA itself is modeled as a point amplifier
II. OPERATION PRINCIPLE
In (1)- (8), and describe the complex optical field amplitudes in cavity 1 and cavity 2, respectively, is the complex field amplitude for the feedback light, and are the corresponding photon numbers and phases, is the gain coefficient associated with the linearized SOA gain, is the linewidth enhancement factor, is the carrier number of above threshold, is the SOA length, and is the group velocity of the light in the SOA. Furthermore is the carrier lifetime, and are the roundtrip times in cavity 1 and cavity 2, respectively, and is the roundtrip time through the extended cavity. Moreover, is the wavelength of the lasing light in each cavity, is the injection current, is the threshold current, and is the elementary charge unit. Finally, represents the fraction of the external optical field that is coupled in each cavity, represents the fraction of the lasing light that is fed back into the SOA via the extended cavity, and is the fraction of the light that is reflected back in the laser via the extended cavity and the SOA facet. The optical phases corresponding to the reflections , , and in the various cavities are identified with , , and , respectively. By solving (1)- (8), insight can be obtained about bistability in the system described above. Our model accounts for similar physical mechanisms as the model presented in [13] . In that reference, it is shown that depending on the feedback strength, the system can evolve into different stability regimes. The system can evolve into a stable state if a sufficient fraction of the lasing light is fed back into the SOA. With a stable state we mean that the optical field repeats itself after each roundtrip. Our system has two modes of operation that are associated with and , respectively. Suppose that both modes could lase, and that the system evolves into the following state: (9) From substitution of (9) into (1) and (2), we obtain (10) (11) It follows from (10) and (11) that both roundtrip conditions cannot be simultaneously satisfied, since , , and both modes share the same laser gain medium (thus, the carrier number is equal for both lasers). Hence, the phase matching condition can be satisfied by only one of the modes. Therefore, only one mode can lase while the other will be suppressed.
Switching between the states can be realized by injecting external light into the system with a central wavelength equal to that of the suppressed mode. By injection of external light at the wavelength of the suppressed mode, the roundtrip time (1) and (2) can be simultaneously satisfied. Also, the injected light saturates the SOA and, thus, reduces the carrier number . If the photon number associated with the external light exceeds the threshold value, mode 1 switches off and mode 2 switches on . Hence, the system switches to state 2 in which mode 2 is lasing while mode 1 is suppressed.
The threshold value associated with the number of photons to be injected into the system to switch states can be investigated by using (1)- (8) . The parameter values that are used in the simulations can be found in Table I . We have investigated the threshold power analytically, but we do not present the result, since the expressions obtained are complicated and offer little insight. It follows, however, that the threshold level can be controlled by the injection current and that the system can change states by using low power optical pulses. Fig. 2(A) shows a simulation result of the optical power in each mode as a function of the externally injected power. The injected light copropagates with the lasing light. It is visible that the system can switch states if the optical power of the input light is in the order of 20 dBm. This is contrast to the simulation result that is presented in Fig. 2(B) , which shows a similar result but now for the case that the injected external light counterpropagates with the lasing light. It follows that the switching power is in the order of 8 dBm. The difference in the switching powers can be explained by the light flows through the SOA. In case of injection of external light that copropagates with the lasing light, the injected light is immediately amplified by the SOA. It follows from Fig. 2(A) that for small injected powers, the injected light is linearly amplified by the SOA. In the case of injection of external light that counterpropagates with the lasing light, the injected light passes one additional time through the SOA before copropagating with the lasing light. Thus, the externally injected light is amplified twice. However, since the reflection on the SOA facet is very small, a very small fraction of the injected light will copropagate with the lasing light and contribute to switching.
III. EXPERIMENT
The schematic of the experimental implementation that has the same conception as the system presented in Fig. 1 is shown in Fig. 3 . The flip-flop is realized by using discrete commercially available pigtailed elements that form two unidirectional ring lasers with separate cavities but sharing the same active element. An SOA acts as the laser gain medium. The SOA employed a strained bulk active region. Each cavity contains a Fabry-Pérot filter that acts as a wavelength selective element. The Fabry-Pérot filters have a 3-dB bandwidth of 0.2 nm. A variable attenuator is placed in each ring to control the optical power. Optical isolators are used to allow the light to propagate in only one direction, thus ensuring lasing in one direction. Essential for flip-flop operation is that a fraction of the lasing light is fed back into the laser through an extended cavity. In this particular configuration, the feedback of lasing light is implemented by using an optical loop mirror made of a 50/50 coupler. The central wavelength of the Fabry-Pérot filter in ring cavity 1 is 1550.92 nm and the central wavelength of the Fabry-Pérot filter in ring cavity 2 is 1552.52 nm. The system is set in such a way that there are equal optical losses in each cavity. This was realized by setting the attenuator values in ring cavity 1 and ring cavity 2 to 0.5 and 0.82 dB, respectively. Equal optical losses in each cavity imply that both cavities operate at equal threshold current. In our experiments, the SOA injection current is 300 mA and the threshold current is 172 mA. Each cavity contains about 10 m of optical fiber.
In the first experiment, we investigate the bistability of the system by blocking one of the cavities, i.e., cavity 2, and making the system lase in the other cavity, i.e., cavity 1. Unblocking cavity 2 neither prevents cavity 1 from lasing nor leads to lasing in cavity 2. A similar situation takes place the other way around. This is illustrated in Fig. 4(A) and (B) , where the optical spectra are shown between the two states after restoration of the cavities. It is visible that the contrast ratio between the lasing state and the suppressed state is 40 dB. The operating wavelength range is also investigated by changing the wavelengths in cavity 1 and cavity 2. It turns out that bistability can be obtained over a large wavelength difference varying from 0.1 nm (limited by the bandwidth of the Fabry-Pérot filter, but not shown in Fig. 4 ) to 62.87 nm (limited by the optical gain bandwidth of the SOA), as shown in Fig. 4(C) and (D) . Moreover, the system is polarization independent; thus, no polarization controlling components are needed in the experimental setup, as shown in Fig. 3 .
There are two methods to realize the flip-flop operation. The system is initially lasing at a wavelength
The first way to change states is to inject external light that counterpropagates with the lasing light with a central wavelength of the suppressed state, i.e., . This is shown in Fig. 5(A) . It turns out that the switching power is 6.63 dBm, when corrected for the splitter loss (70%) of the coupler. After the switching, the system remains lasing at the wavelength in spite of the removal of the external light. Note that the trends in the switching curves presented in Fig. 5 are well in agreement with the simulation results presented in Fig. 2. Fig. 5(B) shows a similar result but now in the case of a slightly increased attenuation in the cavities. It follows that in this case the switching power is reduced with 1 dB. This effect is explained by the fact that a higher attenuation in the cavity leads to a reduced number of photons contribute to the lasing. Hence, switching can be realized by injecting fewer photons in the system. Note that it follows from Fig. 5 that the contrast ratio between the lasing mode and the suppressed mode is less than 40 dB. The reduced contrast ratio is caused by the gain saturation that is introduced by the injected light.
The second way to change states is to inject external light that copropagates with the lasing light with a central wavelength of the suppressed state. The result is shown in Fig. 5(C) . In this case, the switching power is reduced to 19.02 dBm. Note that the simulation result presented in Fig. 2 is well in agreement with the experimental result. Fig. 5(D) shows the case in which the attenuation in the cavity is enlarged. Similarly as in the case presented in Fig. 5(B) , it is visible that the injected switching power reduces. It has to be remarked that the transition regime (as indicated in Fig. 5) is not stable. This implies that switching is only guaranteed if the injected power exceeds the transition regime. We did not observe a hysteresis effect in the switching.
The switching speed of the flip-flop memory was investigated experimentally and numerically. Numerical results indicate that it takes approximately 30 round-trip times to switch the flip-flop state. This was confirmed by experiments. Decreasing the cavity length is essential to realize higher switching speeds. The system presented in this paper was made out of commercially available fiber pigtailed components, which made that the total cavity length was in the order of 10 m. It should be remarked that this concept allows photonic integration, which implies that the cavity length should be reduced to a few millimeters. Simulation results indicate that our results still hold for photonic integrated systems. Also, the roundtrip-time equations that are used in this paper could be easily reformulated as rate equations that well describe the behavior of an integrated flip-flop memory. 
IV. CONCLUSION
In this paper, we present an optical flip-flop based on two coupled ring lasers that share a SOA which acts as the laser gain medium. Essential for the flip-flop operation is the presence of optical feedback. The bistability is caused by that the feedback of the lasing light, which makes that the phase matching condition in only one of the lasers can be satisfied. We have presented numerical and experimental results that are in agreement with each other. The experimental setup was realized by using commercially available fiber pigtailed components. We have observed a 40-dB contrast ratio between both states. The switching power was 19.02 dBm if the switching light is injected in the same direction as the lasing light and 6.63 dBm if the light was injected in the opposite direction. Moreover, the system is polarization independent.
In the flip-flop implementation as presented in this paper, we did not succeed to demonstrate narrow linewidth operation. This might be due to the bandwidth of the filters (0.2 nm) used in the experiment in combination with the large cavity length (10 m). In [13] , the dynamics of a semiconductor laser with feedback is investigated. It was observed in [13] that in such a system instabilities due to coherence collapse can take place. We did not observe hopping between modes located around different bands even if the bands were separated at a spectral distance of 0.1 nm. A possible way to prevent these instabilities could be by either increasing the amount of feedback or by making the feedback very small [13] .
The main advantage of this concept is, however, the fact that this concept could be easily extended. The mathematical formulation reveals that multistable behavior is possible if the number of cavities is increased. A multiple-state optical flip-flop memory forms an important building block for multiple-state all-optical packet switches that operate at low power.
APPENDIX
In Fig. 1 and are the complex optical field amplitudes in cavity 1 and cavity 2, respectively, is the complex field amplitude of the light that is fed back into the SOA in the counterpropagating direction, and are the reflections and transmissions through the beam splitters in the system, is the reflectivity of the end mirror in the feedback loop, is the reflectivity of SOA facet, and are the roundtrip times in cavity 1 and cavity 2, respectively, and is the roundtrip time through the feedback loop. The SOA length is represented by , and are the central optical frequencies of the lasing light in cavity 1 and cavity 2, respectively, is the wave number of the light propagating through the SOA, and and represent the optical field associated with the externally injected light. In the roundtrip equations as given above, it is assumed that the amplification of the light propagating through the SOA is wavelength independent. Also, it is assumed that the central wavelength of is equal to that of and that the central wavelength of is equal to that of . If we introduce the notation , , , and , it is found that (A.1) and (A. 
